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Human immunodeficiency virus type 1 (HIV-1) sequences were generated from blood and from brain tissue
obtained by stereotactic biopsy from six patients undergoing a diagnostic neurosurgical procedure. Proviral
DNA was directly amplified by nested PCR, and 8 to 36 clones from each sample were sequenced. Phylogenetic
analysis of intrapatient envelope V3-V5 region HIV-1 DNA sequence sets revealed that brain viral sequences

were clustered relative to the blood viral sequences, suggestive of tissue-specific compartmentalization of the
virus in four of the six cases. In the other two cases, the blood and brain virus sequences were intermingled in
the phylogenetic analyses, suggesting trafficking of virus between the two tissues. Slide-based PCR-driven in
situ hybridization of two of the patients' brain biopsy samples confirmed our interpretation of the intrapatient
phylogenetic analyses. Interpatient V3 region brain-derived sequence distances were significantly less than
blood-derived sequence distances. Relative to the tip of the loop, the set of brain-derived viral sequences had
a tendency towards negative or neutral charge compared with the set of blood-derived viral sequences. Entropy
calculations were used as a measure of the variability at each position in alignments of blood and brain viral
sequences. A relatively conserved set of positions were found, with a significantly lower entropy in the brain-
than in the blood-derived viral sequences. These sites constitute a brain "signature pattern," or a non-

contiguous set of amino acids in the V3 region conserved in viral sequences derived from brain tissue. This
brain-derived signature pattern was also well preserved among isolates previously characterized in vitro as

macrophage tropic. Macrophage-monocyte tropism may be the biological constraint that results in the
conservation of the viral brain signature pattern.

One of the devastating complications of human immunode-
ficiency virus type 1 (HIV-1) infection is the associated impair-
ment of neurological function in many individuals. Signs and
symptoms of HIV-1 encephalopathy include marked cognitive
impairment in many spheres of intellectual functioning, motor
abnormalities, and, in children, developmental delay or regres-
sion in intellectual and motor milestones (6, 7, 62). In both
children and adults, such encephalopathy can be due to direct
infection of the brain by HIV-1, as evidenced by the absence of
secondary opportunistic infections or neoplasms. Neuropatho-
logical lesions in HIV-1-infected brains include multiple dis-
seminated foci of microglia, macrophages, and multinucleated
giant cells (encephalitis); diffuse white matter damage with
myelin loss, reactive astrogliosis, macrophages, and multinu-
cleated giant cells (leukoencephalopathy); and diffuse reactive
astrogliosis and microglial activation with neuronal loss (dif-
fuse poliodystrophy) (7, 62). Ultrastructural and in situ hybrid-
ization studies have shown that the predominant cells consis-
tently infected by HIV-1 within the brain are microglia and
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macrophages (17, 36, 78), which express the CD4 surface
molecule required for virus binding to the cell surface (34, 75).
HIV-1-specific proteins and nucleic acid sequences have rarely
been detected unambiguously in endothelial cells, astrocytes,
oligodendrocytes, or neurons (49, 78). Primary infection of
microglia and macrophages is further supported by macro-

phage tropism of viral isolates derived from the central ner-

vous system (CNS) (9, 10, 71, 74).
Data from a number of laboratories suggest that some of the

molecular determinants of cellular tropism as well as replica-
tion efficiency and cytopathicity are localized within the V3
loop of gp120 (11, 13, 23, 33, 64, 76, 77). The V3 loop also plays
a role in virus-cell absorption and fusion following gpl20
binding to the CD4 molecule on the target cell surface.
Conservation of amino acids at selected positions in the V3
loop has been found by comparison among epidemiologically
unlinked laboratory-adapted macrophage-tropic strains (2, 3,
24, 25). Amino acid substitutions in the Vi and V2 regions of
gp120 (1, 5, 28) and in gp4l (40) also influence the biological
properties of the virus. In general, these data, combined with
studies of ligand binding affinity and neutralization efficiency
(52, 55, 60, 61, 81), suggest that specific combinations of
substitutions interspersed throughout the envelope coding
region may impose a conformational change in the gpl20
molecule that can alter the biological phenotype of the virus.
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TABLE 1. CD4 counts and diagnoses

Patient CD4 count Diagnosis
no. (cells/mm3)Digos
1 39 Lymphoma
2 8 Lymphoma
3 110 Toxoplasmosis
4 124 Progressive multifocal leukoencephalopathy
5 249 Necrotizing encephalitis
6 30 Progressive multifocal leukoencephalopathy

(first biopsy); toxoplasmosis and Mycobac-
terium avium-intracellulare (second biopsy)

To analyze genetic patterns in brain- and blood-derived
viruses, proviral DNA sequences from six patients were di-
rectly amplified from viable, uncultured brain biopsy tissue and
compared with proviral DNA sequences from simultaneously
obtained blood samples. Analysis of these sequences demon-
strates that viral sequence heterogeneity exists in different
body compartments within an infected individual and supports
evidence that charge and conformation changes in the V3 loop
may result in differences in cell tropism (23). A characteristic
"brain signature pattern" was identified in the V3 region based
on particular amino acid positions that were highly conserved
among brain-derived sequences from the six patients but
variable in the blood-derived sequences from the same six
patients. This pattern was objectively defined by entropy
measurements of aligned amino acid positions. This brain
signature pattern, based on samples directly amplified from
viable tissue, confirmed and extended the number of previously
observed amino acid restrictions associated with macrophage
tropism in vitro (11, 13, 23, 33, 64, 76, 77).

MATERIALS AND METHODS

Study subjects and clinical procedures. Clinical material
was obtained from six HIV-1-infected patients with significant
neurological signs and symptoms requiring image-guided ste-
reotactic brain biopsy for definitive diagnosis. A clinical his-
tory, neuropsychiatric tests, and CD4+ lymphocyte counts
were obtained for each study subject. Neurological signs and
symptoms were consistent with the onset of global neurological
dysfunction, with clinical evidence supporting acute rather
than chronic HIV-1-associated neurological disease. The pa-
tients most commonly presented with generalized seizures
(four of six) and changes in mentation (two of six). No patient
had neurological problems prior to the presenting event. Each
patient's signs and symptoms resolved after specific therapeu-
tic intervention was initiated.

All patients were from the United States and had low CD4+
lymphocyte counts (Table 1). The samples were taken in 1990
from patients 1 to 4 and in 1992 from patients 5 and 6.
Peripheral blood was collected in preservative-free heparin
during the operation. All samples were coded to preserve the
anyonymity of the study subjects.

Contiguous brain biopsy cores (2 by 20 mm) were immedi-
ately placed in sterile tubes containing 4 M guanidium isothio-
cynate for nucleic acid analysis, Dulbecco's modified Eagle's
medium (DMEM) for virus isolation, formalin for histopatho-
logical examination, and STE (Streck Labs, Omaha, Neb.) for
in situ hybridization analysis. The brain tissue samples in 4 M
guanidium isothiocynate and DMEM were frozen and stored
at - 135°C. Brain biopsy specimens were also processed for
routine histopathological and virological evaluation as de-
scribed previously (48). Diagnostic studies were performed for

microbiology (viruses, including cytomegalovirus [CMV], her-
pes simplex virus, and polyomavirus; bacteria; and protozoa),
cytology, and histopathology as described previously (48).

Nucleic acid preparation. Peripheral blood mononuclear
cells (PBMCs) were obtained from whole blood by discontin-
uous Ficoll-Hypaque density gradient centrifugation. The PB-
MCs were washed in phosphate-buffered saline, and the cell
concentration was measured with a hemacytometer. Approxi-
mately 106 cells were resuspended in 400 ,ul of 10 mM KCl-10
mM Tris-HCl (pH 8.3)-2.5 mM MgCl2-0.5% Tween 20-0.5%
Nonidet P-40-100 ,ug of proteinase K per ml and incubated at
55°C for 1 h. The cell DNA was incubated at 95°C for 10 min
to heat-inactivate the proteinase K.
The brain biopsy cores were dispersed in 4 M guanidium

isothiocynate with an Omnimix homogenizer in a disposable
vessel. Total nucleic acids were extracted with phenol-chloro-
form (24:1, chloroform-isoamyl alcohol), ethanol precipitated,
and resuspended in deionized water. This method minimizes
the systematic bias towards one genetic variant, as is observed
when the virus is cultured (45, 72).

Oligonucleotide primers and probes. The HIV-1 oligonucle-
otide primers and probes were designed using the HIV-1
consensus sequences contained in the Los Alamos Human
Retroviruses and AIDS database (56). Oligonucleotides were
synthesized on an Applied Biosystems 380B DNA synthesizer
using phosphoramidite chemistry. The synthesized material
was alkaline deprotected and purified by elution through an
oligonucleotide purification cartridge. To screen for potential
pretermination products, the purified oligonucleotides were
end labeled with [_y-32P]ATP and T4 polynucleotide kinase,
resolved by electrophoresis on a 10% polyacrylamide gel, and
exposed to Kodak XAR film for 3 h with intensifying screens at
-80°C. The positions of the outer and inner sets of primers in
the HXB2 isolate have been published previously (80).
PCR amplification. One microgram of PBMC DNA was

amplified in 100 ,ul of reaction mixture containing 3.0 mM
MgCl2, 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 20 puM each of
the four deoxynucleoside triphosphates (dNTPs), 0.5 p.M each
of the outer oligonucleotide primer pairs, and 2.5 U of Taq
DNA polymerase. The reactions were performed in a Perkin-
Elmer Cetus automated thermal cycler programmed for 32
cycles of denaturation at 98°C for 10 s, annealing at 50°C for 15
s, and extension at 72°C for 2.0 min. A final extension at 72°C
for 10 min was added to the last cycle. A 5-pul aliquot was
reamplified in a 100-,ul reaction mix containing 0.5 p.M each
inner oligonucleotide primer pair with the same cycle profile as
above. Specific precautions to avoid template and amplified
product carryover, including physical separation of processing
areas and use of positive-displacement pipettes, were in effect
at all times (80). Stringent quality control to prevent PCR
contamination was provided to ensure against cross-contami-
nation of product DNA before, during, and after in vitro
amplification. Added precautions were taken at the analysis
stage when doing cross-comparisons of all sequences included
in the study as well as comparisons with common laboratory
strains.

Molecular cloning. To screen for the appropriate-sized
product, a 20-pul aliquot from the final inner nested amplifica-
tion was resolved by electrophoresis on a 1.0% agarose gel.
The remaining 80 p.l of reaction mixture was resolved by
electrophoresis on a 1.0% NuSieve GTG low-melting-point
agarose gel. The correct DNA fragment was excised from the
gel and purified by GeneClean II (Bio 101), phenol-chloroform
extracted, and ethanol precipitated. The purified product was
eluted in water and digested with the specific restriction
endonucleases in the appropriate buffer at 37°C for 16 h. An
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aliquot of the restricted product was resolved by electrophore-
sis on a 0.8% agarose gel to screen for any potential restriction
sites which would select against a particular variant in the
population.
The restricted product was inserted into the multiple cloning

site of vector pGEM3zf(-) (Promega), and 0.1 ,ul of the
ligation product was used to transform competent JM109
bacterial cells. Transformed colonies were color selected on
ampicillin-isopropylthiogalactopyranoside (IPTG)-5-bromo-4-
chloro-3-indolyl-3-D-galactopyranoside (X-Gal) agar plates.
White colonies were chosen at random and amplified in
culture. The bacterial DNA was recovered from a small-scale
plasmid preparation. A portion of the plasmid DNA was
digested with the appropriate restriction endonuclease, and
the insert was screened for appropriate size and relative
quantity by electrophoresis on a 0.8% agarose gel.
DNA sequencing. The double-stranded plasmid DNA was

sequenced in both forward (M13-21 universal primer) and
reverse (M13 reverse) directions with Dye-Deoxy terminators
(Applied Biosystems, Inc.). Approximately 1 ,ug of the double-
stranded DNA template was added to 80 mM Tris-HCl (pH
8.3)-2 mM MgCl2-20 mM ammonium sulfate (pH 9.0)-7.5
,uM each dNTP-1 ,ul of each Dye-Deoxy terminator-3.2 pM
either oligonucleotide primer-8 U of AmpliTaq DNA poly-
merase. The total reaction volume of 20 ,ul was overlaid with
white light mineral oil to prevent evaporation. DNA sequenc-
ing was performed in an automated thermal cycler pro-
grammed for 25 cycles of denaturation at 98°C for 1 s, primer
annealing at 50°C for 15 s, and extension at 60°C for 4 min. The
sample mixture was then eluted through a spun column
(Bio-Rad) and ethanol precipitated to remove unincorporated
oligonucleotide primers and dNTPs. The amplified product
DNA was added to 5 [l of 5:1 deionized formamide-50 ,uM
EDTA and denatured at 95°C for 3 min. The Dye-Deoxy-
labeled sequencing reaction mixes were resolved by electro-
phoresis on a 6% polyacrylamide gel and analyzed with an ABI
373A automated DNA sequencing system.
Data analysis. Comparisons were done based on various

breakdowns of the available sequence data. PIMA (65, 66), an
algorithm that incorporates a gap penalty and takes into
account amino acid side chain chemistry, was used to generate
initial amino acid alignments. Both protein and DNA align-
ments were then manipulated with the multiple alignment
sequence editor (MASE) (19). Simple sequence similarity
comparisons were made by using MASE after removing posi-
tions in the alignment in which gaps had been inserted to
maintain the alignment. These were calculated as Hamming
distances, or (1 - s) x 100, where s is the fraction of shared
sites in two aligned nucleotide sequences. Hamming distances
were appropriate for use in this context because we were not
using them to establish phylogenetic relationships, but rather
to compare overall genetic diversity in different sets of genetic
sequences. To determine the significance of the distinctive
distributions of HIV-1 sequence distances, Wilcoxon rank sum
statistical tests were run using the SAS statistical package (SAS
Institute Inc., Cary, N.C.) Phylogenetic trees (29, 70) were
generated by using parsimony (PAUP) (69) and maximum
likelihood (PHYLIP) (21, 22).

Signature patterns were defined by comparing the difference
in entropy among brain- and blood-derived sequences in each
position in an alignment of all sequences from all patients. The
entropy H(i) (4) is defined in terms of the probabilities, P(s,),
of the different symbols, s, that appear at a given position i
(e.g., in this case, we are considering the symbols s = A, S,
L, . . ., for the 20 amino acids Ala, Ser, Leu, . . . ). H(i) is
defined as:

H(i) = - > P(si) log P(si).
s=ASL,...

Using entropy as a measure of relative conservation takes into
account both the variety and frequency of observed amino
acids in each position. Potential N-linked glycosylation sites
were considered as either unlinked amino acids or as units,
where an asparagine (N) of an N-X-(T or S) sequon was
distinguished from other asparagines.
To define a signature pattern objectively, we calculated the

difference in H(i) between the blood set and the brain set of
viral sequences at each position in the amino acid sequence
alignment. The signature pattern consists of amino acids in
particular positions of the alignment that were very common or
perfectly preserved among the brain-derived sequences and
variable in the "background" population of viral sequences
from the blood. To test the statistical significance of an
observed entropy difference, a Monte Carlo randomization
was used. The blood and brain viral sequence sets were
combined into a large pool and then randomly partitioned into
two data sets of the same respective sizes as the original blood
and brain data sets by random-with-replacement selection. The
entropy differences for each position in 10,000 randomized
data sets were calculated for all of the randomized sets to
determine a "background level" of entropy difference (39). For
a conserved signature site to be considered statistically signif-
icant, none of the positions in any of the randomized sets could
yield an entropy difference as great as the observed difference
in the real data set (p = 0.0001). The sign of the entropy
difference in the real data indicates whether the observed
conservation was in the brain set or in the blood set.
PCR-driven in situ hybridization. Paraffin-embedded tissue

sections fixed with a Streck (Omaha, Nebr.) tissue fixative were
cut, adhered to silanized slides with 3% (vol/vol) Elmer's glue,
and deparaffinized in xylene. After dehydration in graded
alcohols and rehydration in phosphate-buffered saline (PBS),
the sections were digested in 30 ,ug of proteinase K per ml in
20 mM Tris-HCl (pH 7.4)-0.5% sodium dodecyl sulfate (SDS)
for 1 h at 37°C. The slides were washed twice in PBS for 5 min
and dehydrated in graded alcohols (16).

Slides were placed on a Coy Slidecycler (Coy Laboratories),
preheated to 82°C, and tissue sections were rehydrated in 40 pul
of PCR mixture (10 mM Tris-HCl [pH 8.3]; 50 mM KCI; 1.5
mM MgCl2; 0.25 mM dATP, dCTP, and dGTP; 0.14 mM
dTTP; 12.9 puM dUTP-11-digoxigenin; 100 pM each forward
and reverse primer; 0.001% [wt/vol] gelatin) preheated to
94°C. Taq polymerase (1.0 ,ul; 5 U of AmpliTaq [Perkin Elmer,
Norwalk, Conn.]) was added to one of two sections on each
slide. Sections were individually coverslipped, sealed with nail
polish, and cycled for 35 cycles (94°C for 1 min, 55°C for 2 min,
and 72°C for 2 min). Product DNA was hybridized in situ to
specific or nonspecific (CMV IE-3 probe) biotinylated oligo-
nucleotides as described previously (15).

Nucleotide sequence accession numbers. The sequences
studied here have GenBank accession numbers U05360
through U05568.

RESULTS

HIV-1 sequences from blood and brain. Figure 1 shows the
alignments of the amino acid translations of the nucleotide
sequences. The coding potentials of the V3 and V4-V5 regions
of env were maintained in most viral sequences. Potential
inactivating mutations were observed in both the V3 (five
frame shifts and two stop codons) and V4-V5 (two stop
codons) regions. There were a total of nine inactivating
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,.F . . . . . . . . . . . . . ..S .I .. .A . .T.EI . . .

Patient 1 BLOOD:
-D-------I------Q--E-K-I--.--G-A-----TV--AER-------2
---S-----I------K-IE-K-I--.--G-A-----TV--AER-------
---------I------K-IE-K-I--.--G-A-----TV--AER-------
-----T---I------H--E-K-I--.--G-T-----TV--AER-------
-D--S----I------Q--E-R-I----T-.--G-T-----TV--AER-------
--I------I------Q--E-K-I--------G-T-----TV--AEK-------
-DT--D---I------K-IE-K-I--.--G-A------V--AEG-------
---------I------Q--E-K-I--.--G-T-----TV--ADR-------
---I-----I------K--E-K-I--.--G-T-----TV---ER-------
---------I------S--A-K-I--.--G-A-----TV---ER-------
-D-S-----I------K--E---I---T--.TQG-N------S----D-------
---------I------Q--E-K-I---T--.-NG-A-----TV-SADRL------
---S-----I------Q--E---I-------QG-T-----TV--ADN-------
---------I------K-IE-K-I-----------N-------------------
-D--S----I------Q--E-K-I--.----N-------------------
---------I------Q--E-K-I-----------N------V------------
YN-V-D-T-I------N--G-K-I--.----N-------------------

Patient 1 BRAIN:
-S-------I------T--E----------.----N------------------- 8
-S-------I------T-------------.---N- ------------- 5
-S-------I---H--T-------------.----N-------------------
-SK------I------T----------S--.----N-------------L-----
-N---D-T-I------S--E----------.----N-------------------
-S----T--I------T-------------.----N------------------- 2

Patient 3 BLOOD:
----SD------------IA----------.--R-TL----V-----Q------R 3
----SD------------IA----------.----N--------A--D------- 3
----SD------------I-----------. S-R-TL----V-----Q-V----R
SG -0-----------IA----------.--R-TL----V-----Q-V----R
--KTSD------------I-----------. S-R-TL----V-----Q-V----R
----SD------------I-----------.-- R-TL----V-----Q-V----R 3
---LSD------------IA----------.--R-TL----V-----Q------R
----SD------------I---------T-.--R-TL----V-----Q-V----R
----SD------------IA----------.--R-TL----V-----Q-V----R 2
---LSD---P--------IA----------.--R-TL----V-----Q------R
----SD------------IA----------.----N--------A--D------R
G --S-----------IA----------.----N--------A--D-------
----SD------------I-----------.-- R-TL---GV-----Q-V----R
----SDT-----------I--------I--.--R-TL----V---S-H-V----R
----SDT-----------IA-------II-.--R-TL----V---S-Q-V----R
----SDT-----------IA-------II-.--R-TL----V---S-H-V----R
----SDT-----------IA--------I-.--R-TL----V---S-HLV----R
----SD------------I--------II-.$---N--------AS-D------H
----SDT-----------IA-------T-T--R-TL----VS----Q-L----R
----SDT-----------I--------T-T--R-TL----V---S-HLV----R
----SDT-----------I-----------.--R-TL----V---S-H-V----R
----SD------------IAL------T-T----N--------AS-D------H
----SDT-----------IA-------II-.--R-TL----V---S-HLV----R
----SDT-----------IAL------II-.--R-TL----V---S-HLV----R
----SDT-----------IA--------I-.--R-TL----V---S-HLV----R
----SD------------I---------I-.--R-TL----V---S-H------R
----SD------------IAL--S--.-T-T-LR-TL-----V---P-H------R
----SDS-----------IA----------.--R-TL----V-----H-V----R
----SD------------IA----------.----N-----V-----D------R

Patient 3 BRAIN:
----SD-V----------I-------S---.-R--N------Q-------
----SD-V----------I-----------.-------------A---------- 5
----SV-V----------I-----------.-------------A----------
----SD-V----------I-----------.-------------A------N---
----------------A-I-------S---.-R--N-----------Q--- -- 4
----SD-V----------I---------T-.------------HA----------
----------------A-I-------S-I-.-R--N---------S-H------H
----SDTVT---------I---------T-.-------------A----------
----------------A-I-------S---.-R--N--------A----------
---------A------A-I-------S---.-R--N------Q-------
----SD-V----------I-----------.------------DA----V-V-.-

Patient 5 BLOOD:
L-------------T-T-T----S---.--R-A------V---EQ------R

---L-------------T-T------S---.--RLA------V---EQ------R
---L-------------T-T------S---.--R-A-----TV---EQ------R
---L-------------T-T-T-P--S----.--R-A------V---EH-L----R
---L-T---I-----T-T-L-T----ST--.----T------------VT-----
--L-------L----KT-I-I----S---.-----T-----H---R-R.P-----

---I-----I------KT-I------S---.----T-------PPP-QLT-----
---------I-------T-E---P--S---.----T----G----E.-L-----

Patient 5 BRAIN:
----A----I-------T-E------P---.----T------L-----------
----AI---I-------T-E------T---.----T------L-----------
----A----I-------P-E------T---.----T------L-P--------
---------I-------T-E------T---.----T------L-----------
---------I-------T-E-T--------.----T------L---.----L-E-
---------I-------T-E----------.----T------LS----------
---------I-------T-E----------.----T------L----------- 2
------T-NI-------T-E-T----.-T-T--R-T------LSP---------
---------I-------T-E----------.----T------LF----------
---------I-------T-E-------T--.----T------LS----------
--------NI-------T-E----------.-----------LF-P.--L-----

SENFTNNAKTIIVQLNESVVINCTRPNNNT . RKSIPIGPGRAFYTTGEI IGDIRQ
.F... .1.... A. . .T.EI.

Patient 2 BLOOD:
-D---D---------K-A-E----------.------------------------ 4
-A---D--------- K-A-E -------T------------------ D-------
-D---D--------- K-A-E ----T-- -0---------------G-------
-D-L-D-------- KDA-EV--------------------------------
-A---D--------- K-A-E---------------- R-----------------
-D---D--------- K-A-E -------T -------------------------

-D---D--------- K-A-E-.-------------- R-------------- X--
-D---D--------- K-A-E-------------------------- D-------
-D---D- T-------T-A-E------- T-I.--R------------ G------
-D-L-D-------- K-A-E----------.--------------- D------ $
-A---D--------- K-A-E------ T-I.--R--------------------
-D--A--------- K-A-E------ T-I.---------------- D-------
-D--A---------K-V-E-.--.--- --V---S--------- L --- W-
-D---D--------- K-A-E----- T---. ---V-L--------------- W-
-A---D---------K-A-E-.--.--- --L-V----------- V-----

Patient 2 BRAIN:
TD-H---T-S-----L-A-EV--S--T--- ---V-------------V---V--
-D---D-------- K-A-E------------------ R------- K-------
-D------------K-A-E-.--.--- --V-------------------- 2
-A-K-----------K-A-E-.--.--- --V--------------------
-V---DS------- K-A-E----------.--------------- D-T----
-V---D---------K-A-E-.--.--- --V------------ D-------
-D-------------K-A-E----------------------------------- 2
-N--AD--------K-A-E----.--- --V--------------------
-D--A--------- K-A-E---------------------------------
-A---D--------- K-A-E---------------------------------

Patient 4 BLOOD:
-----DX--S----------------- T- .-----L-----I-A--H-V----
------- V-V-------- E---- .------ -L-----I-AA-H-V----
--------- S------------ .------ -L-----I-A--H-V----
-----D---S--I--------------I--.-----L----- I ---ET------H

Patient 4 BRAIN:
--------- S---------------T-.T------L----- I-A--H-V-N--H
---P--D--S- -------------------.-------------- -- Q------K
---X--D-- S------------------------------- S----Q------ X
---------S-----------------X-- .-----L-----I-A--Q-V-N---
-----D---S------------------------------------Q------K 3
-A----H--S-------.------ -L-----I-A--Q-V-N---

Patient 6 BLOOD:
---L----------- EKA-N-T-E--H--- .---- - I--------A--D-------
--------------- K-A-N-T-E--H --.-- --N-------- A--D------
------Y-------- K-A-N-T-E- .-------- - I-------- A--G-0-----
-------------- T-A-N-T-E-E ------- --N-------- A--A------
---------------R. --N-T-D -. ----N--------A- .D-------
--------------- K-A-N-T-D- .------- --F-------- A--A------
----------- L---K-A-N-T-E- .------- --N-------- A--A------
---------------K-A-N-T-E---TT- . ----N---R----A--D------
---------------K-A-N-T-E---T-- .---- - I--------A--D-------
---------------K-A-N-T-E---------- - I-------- A-. D-------
---------------K-A-D-T-E- . ----N-------HAP.D ---N---
---------------KKA-E-T-E -. ----N-------HA-. D-------
---------------K-A-N-T-E- .------- --N------- HA--DV--N ---
--------------- K-A-N-T-E--T --.-- --N-------- A--DV--N --
--------------- R-A-N-T-E- .------- --N-------- A--DV--N --

Patient 6 BRAIN:
---------------Q-A-N-T-E -. ----N--------A--D------- (Ti)
---------------K-A-N-T-E----I- . ---FY--------A--D------- (Ti)
--------N------K-A-N-T-E -. ----N--------A--D------- (Ti)
-- -------------K-A-N-T-E----T-. ----N--------A--D------- (Ti)
-- -------------R.--D-T-E----------N--------A-.D---N--- (Ti)
---------------K-A-N-T-E--T-T- . ----T--------A--D------- (T2)
---------------K-A-E-T-G -. ----N--------A- .D--N --- (T2)
---------------K-A-N-T-E -. ----N--------A- .D---N (T2 )
- ------------- - .LN-T-E---TT- . ----N------- A--D------ (T2)
---------------Q-A-N-T-E -. ----I--------A--D------- (T2)
--------------- RK.LN-T-E ----T- . ----N------- A- .D----L-- (T2)
-- -------------K-A-E-T-E---T-- . ----I------- A- .D------- (T2)
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B
MHSFNCGGEFFYCNSTQLFNSTW. .N?T....GK? .NTGGNDTITLPCRIKQI INMWQEVGKAMYAPPIRGQIRCSSNITG .LLLTRDGG .NNNNET?.....EIFRPGGGDMR

Patient 1 BLOOD:
--T----E--P---T-K---Q...-G-DQNVTERAN.P-E-------HL-T---R-RQ--------T----.----- -SS-T-.-.....T---A----K
T--------T-K----- DG-DWNVTE-AN.--E-------H-----R----T-------T-------.----SSS-NET...---A--K
T--------T-K----- DG-DWNVTE-AN.--E-----------R--N--------T-D------ ---D.-SSS-NET...---A----K
T----E--L---T-K----$. .DS-D$NVTERAT.--ER----A----QH----R-RN-----K----T-------- ----E-SSSETEI. . ..-----T--G-K
T--------T-K -------G-DWNVTE-SN.---E-------H----R--E--------T---------- -SSS-NET...---A----K
T--------T-K----- DG-DWNVTE-PNRP-E-Y------T-----R------K----T---------- -SSS-NET...---A----K
T------F--T-D----- DG-DWNVTE-PNRPPE-----------R---------T---------- -SS. .NET.-...T---A----K

Patient 1 BRAIN:
TN-----S-----T--G. .LISTG.STE-SI.S-D-SE-----MMP--D---K------S-P--------------S---.
-NH-----S---T-K--I--G. .-G-DWGVTD-SI.---E---P----NH---I-KR---------T----------DD-SSNET.... --

--H-------T-K -------G-DWSVTE-SN.---E----------R---------T----------DD-SSNET...---T--K
-YH-------T-K-------G-DWSVTE-SN.---E----------R---------T----------DD-SSDET...---T----K
--H-------T-K-------G-DWSVTE-SN.---E----------R---------T----------DD-SSSET...---A----K

Patient 2 BLOOD:
T-----------G--F.-S-WST. .E-SN.--E-S-------F---------S--------GS .E-----
T--------P----G--F.-S-WST. .E-SN.--E-S-------F---------S-----T-------------E-
T------------- .YD-KEL....N.S-.-EM.--------RR-----F---------VS------T-DT--T.-....F----

----D-KEL....N.S- .-EM.--------R------------ ---------TD-T
Pat ient 2 BRAIN:

--N------------ HD-KEL.....TST-EM.------H------R--------------N-P--V-----
----D-KEL.-....ST-EM.------H---R------------ --.-----S-T-G-.....P------

--N-------------D-KEL.-....ST-EM.------H----D--R---------------- -P-V-----
-.------------.D-KEL.-....ST-EM.--------R---------R-----A-.---------T-G-.....P------

--N-------------D-KEL.-....ST-EM.------H------R---------------N-P-V-----
-.-------------D-KEL.-....ST-EM.--------R-K----------- -----------A-G-.....P------

-NNH-----P----P----G. .-D-KEL.....IGT-EM.-----LT---T--K---R--------------N-P--V-----
-N-----LS----S---T---.-.D-KEW.....TRT-EL.--F---LY--LTR-K---N--F------- --.-------A-G-.....P------
-NN-----P----S---I--G. .-D-KEL.....TGT-EM.T----LN-F-T--K---R--F------------N-P--V-----

Patient 3 BLOOD:
-YT----------T---.- IA.. -..EP.HPTAGENM-----H----------K--------------- K-DNNKT..---------
--T------------- -I.-....EPNIA.K-K ---------------G--------------- K-DNNKT.---------
--T----------S-SF-S-W..NSTEESNS- .EG-P----LTHL-S-S----P-------V-------------- N-TNA....T-----
--T----------S-SF-S-W. .NIT-EPNI- .-K------HH--------P---G--------------- K-DNNKT..---------
--T------------- -I-.-....EPY--.-GENM-------------G-----D--A.--------S-K-DNNKT. --------

--IS---SL ----------ID.. -..EPY-- .-REM-----I-------LS-------Y-A-------D.... -N-NYA....T-----
Patient 3 BRAIN:

-YT-------S-P-------S.. --...PNI- .-E---I--5---------------S---------.----SD....P------
-YT-----V-----ST----..-5-. --....PNI- .-E---I----I-L-T------------ -------- -D---SD....P------

Patient 5 BLOOD:
----T----P---T----S------E-VI.NQGPYN.T--D-E----Q------------K---S-V-T------ ---VKS--T-NSTNTAEV------
--------T----T---.- -E-KI.KEGPYN.T----- ---Q--------------S-V-T------ ---VKS--T-NTTNTTEV------

----T------T----T---.--EAII.NQGAIY.HYRKLKQSSS-------------K-P-S-L--.-------E-TD-A-. .DNNT. .-V-----
------P---T----T---. .-E-II.TQGPYN.T--N-E-L--QS--T-L-T----------S-L-Y----------R-ADS-.TDNNT. --------
--T----L---T------ SE-IT.KQGPYN.T--N-E----Q---T----------K----E-----------.D-T-. .DNNT --------

--T----P---T----T---.--E-II.KQGPYN.T--N-E-L--Q---T-L---------T----V-----------.D-TN. .DNNT. --------
-------LC - .--------G-.... EGPYN.T-- .-E---------------K----L-H-------. - -- H-PYQ. ...YHR --------

------SF--T-H--T---NE-V-... .EESYE.T-- .-E---------------K----E-----------.D-T-. .DNNT --------

Pat ient 5 BRAIN:
---R----L--D------NE-V-... .EESYE.T-- .-E--------------K---S-L-. .-------------- NT...-T-----
--------D------NE-V-... .EESYE.T-- .-E--------------K---S-L-. .-------------- TTT...-T-----
---------D------NE-V-... .EESYE.T-- .-E--------------K---S-L--.-------------.T.--- -T2

Patient 6 BLOOD:
T------F--T-----YS-N-W....EG.ERLS----I-----L----S------K-R-------PVANXKMVG.---N-.DGNES. --------

T------F--T-----YS-N-W....EG.ERLS----I-----L----S------K-R---- ----------- N- .DGNES. --------
T---I----F--T-----YS-T-.....RR.GE-LRTN-----P-V---S----L----K-R --------------- N- .DGSES. --------
T------SS--TS-----YS-N-.....RK.GE-LSTN-----P---H---S------K-R-------------.. N-.DGNRI. .-T-----
T------F--T----T---YS-N-.....RR.GE-LRNN------V----S------K-R --------------- N- .DGNES. --------
T------F--T-----YS-N-.....RR.GE-LSNN------V----S------K-R- T---T ----------- N- .DGSQS. --------
T------F--T-K----NNTGE.....SK.G.IS----I-----L----S-------L-T------------.. N-.DGNRI. .-T-----
T---T----S--TSP--T---YK-S-W.NNT.-EG.ERLC----I----T-V---S----L----K-RL--L-----TVGYQLD-.G---N-.DGNRI. .-T-----

Pat ient 6 BRAIN:
T------F--T-----YC-N-.....WEG.ERLS-N.T-----V----S------K-R---H--------- --.. I- .TRSEI. --------(Ti)
T------PF--T-K-------N-..-...ES.EGLS-N.------V----S------T-R-----A.-S-----------I-NRS.EI .-------T (Ti)
T------SF--T-----YS-N-.....RNG.EGLS-N ------L----S----F----K-R---H--------- --.. I-TRS.EI. --------(Ti)
T------SF--T-K-------N-.-....ES.EGLS-N.------V----S----F----K-R----H--------------I-ARS.EI. --------(Ti)
T------SF--T-K-------N-.-....ES.EGLS-N.------V----S------K-R--------------- I-NRS.EI. --------(T2)
T---T----F--T----D---YS-N-.....R-G.EGSS-N.V-----V----S------K-R---L--------------- I-NGS.EI. .-T------(T2)
T------F--T----D---YS-N-.....R-G.EGLS-N ------L----S------K-R----H--------- --. T- .DGNES. --------(T2)
T------LF--T-K-------N-.. -...EI.EGIS----I-----L----S------K----- ----------ITNTNGNES. --------(T2)
T------F--T-----YS-N-.....R-G.EGLS-N ------L----S------K-R----T--------- . T- .DGNES. --------(T2)
T------F--T-----YS-N-.....W-G.ERLS-N.T------V-H---S------K-R---- ----S----------I-NRS.EI. --------(T2)
T------LF--T-----YS-N-.....W-G.EGLR-N.T----T-V----S------K-R --------S---------I-NGS.EI.. -T------(T2)
T------F--T----D---YS-N-.....R-G.EGLS-N.------L----S------K-R-------------- T- .DGNES. --------(T2)

FIG. 1. Alignment of the V3 (A) and V4-V5 (B) region HIV-1 envelope amino acid sequences obtained from brain biopsy or blood samples.
Viral sequences are aligned to the consensus sequence of the brain sequences from the six individuals, shown at the top of each column. Directly
underneath the complete consensus in panel A are the brain sequence signature amino acids as defined in Table 2 and in the text. Amino acids are
indicated in the one-letter code. Amino acids in the aligrnment that share identity with the brain consensus sequence shown at the top are indicated by
a dash. If two or more clones from a given set are completely identical over the region sequenced, only one is shown; the numbers at the end of a sequence
indicate the number of clones represented by that sequence. A dollar sign symbol ($) indicates a stop codon, and an X indicates a frame shift. A period
indicates a space inserted to maintain the alignment. Brain biopsy samples were taken from patient 6 at two time points, indicated by Ti or T2 at the
end of the sequences; Ti corresponds to the time that the blood sample was obtained, and T2 was 6 weeks later.
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TABLE 2. Frequency of signature amino acidsa

Sequence derivation Frequency of occurrence

(no. of sequences) F s I A T E/D I NCT NNT

Blood
Patient 1 (18) 0.72 0.22 1.00 0.33 0.39 0.28 0.94 0.11 0.89
Patient 2 (18) 0.89 0.89 0.89 1.00 1.00 0.89 0.94 1.00 0.67
Patient 3 (36) 0.92 0.22 0.22 0.19 0.63 0.22 0.86 1.00 0.83
Patient 4 (4) 1.00 1.00 0 1.00 0.75 0 1.00 1.00 0.75
Patient 5 (8) 0.13 0.50 1.00 0.75 0.75 0.25 0.63 0.38 0.86
Patient 6 (15) 0.93 1.00 1.00 1.00 0.93 0.80 0.80 0 0.87

Brain
Patient 1 (18) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.94
Patient 2 (12) 0.92 1.00 1.00 1.00 1.00 0.92 0.92 1.00 1.00
Patient 3 (18) 1.00 1.00 1.00 1.00 0.94 0.61 1.00 1.00 1.00
Patient 4 (8) 1.00 1.00 0.63 1.00 1.00 0 1.00 1.00 1.00
Patient 5 (12) 1.00 0.92 1.00 1.00 0.92 1.00 1.00 0.83 0.92
Patient 6 (12) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0 0.83

a The conserved amino acids of the envelope V3 region signature pattern are shown at the top; these amino acids correspond to the signature sites shown in Fig.
1A. The number of sequences of each sample is shown on the left, following the patient number. The frequency of the occurrence of the signature amino acid in each
sample is given. Glutamic acid (E) is the sixth signature amino acid. Aspartic acid (D) was also very common and a conservative substitution, and the statistical
significance of the conservation of that site was observed when signature analysis was done using the individual amino acids or a modification of the input which grouped
D and E as a single character. Therefore, D or E is allowed for the frequency counts. The frequency of the glycosylation sites in the V3 loop is also given. The V3
glycosylation sequons were more conserved among brain sequences, in all 10,000 of the randomizations; however, the conservation was critically dependent on the
inclusion of patient 1 for the first sequon (NCT) and patient 2 for the second sequon (NNT), and because of this dependence on a single patient, the conservation was
deemed less reliable than that of the other signature pattern elements.

mutations in 54,093 bases sequenced, six found in the 28,872
nucleotides of blood-derived viral sequences and three found
in 25,221 nucleotides of brain-derived viral sequences. The
four cysteines encompassed in the regions sequenced that are
involved in disulfide bonding and in the formation of the V3
and V4 loops (47) were highly conserved, but not perfectly,
with two sequences having substitutions in these positions.
Such substitutions are also likely to represent inactivating
substitutions, as mutations in these positions can have drastic
structural consequences for the envelope protein.

Length polymorphism was common in the V4 and V5
region, even when considering only intrapatient sequence sets.
In these highly polymorphic regions, duplications or deletions
of N-linked glycosylation sites, as defined by an N-X-T or
N-X-S sequon, were particularly common among the blood-
derived sequences (Fig. 1B). The two glycosylation sequons in
the V3 loop tended to be more preserved in the brain-derived
than in the blood-derived viral sequences. Because of the
biological importance of glycosylation sites (46, 51, 57) and the
conservation of these sites among sequences in the Human
Retroviruses and AIDS database (56), the information sum-
marizing the variation of these sites is included in Table 2.

Intrapatient sequence variation. A general question of
interest in terms of assessing intrapatient HIV-1 variation is
whether blood samples are representative of the variants
within an individual or if certain forms may be sequestered at
inaccessible sites (14). The V3 region diversity within a patient
increased when both blood and brain sequences were consid-
ered versus only blood sequences (Fig. 2). The median distance
of all pairwise intrapatient blood x blood sequence compari-
sons for the six patients was 4.9%; the same brain x brain
median distance was 3.5%, and the same intrapatient blood x
brain median distance was 7.7% (Fig. 2). There was no change
in observed diversity for the V4-C3-V5 regions (median dis-
tances: blood x blood, 7.2%; blood x brain, 6.0%; and brain
x brain, 4.4%). The brain-derived sequences were relatively
conserved compared with the blood-derived sequences in both
regions.

There was an expansive range of intrapatient HIV-1 se-
quence diversity within this set of HIV-1-infected patients. In
the V3 region, the range of intrapatient nucleotide sequence
distances was 0.0 to 18.9%, with a median value of 6.3% and

0.3
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01)
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70 80 90
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FIG. 2. V3 region intrapatient similarity distributions. All intrapa-
tient similarity comparisons were made for the six study participants.
The region compared included 143 bases. The percent similarity was
rounded off to the nearest percentage, and the number on the y axis
represents the fraction of the total number of pairwise comparisons
that had a given percent similarity. For example, 1.6% of the sequences
were 100% similar (identical) over the region sequenced. The solid
line represents the distribution of similarity scores obtained from
intrapatient blood-derived sequences. The dashed line represents the
similarity scores of all intrapatient comparisons of blood-derived
sequences with brain-derived sequences. Note the shift towards greater
diversity when comparing blood-derived (median distance = 4.9%)
and brain-derived (median distance = 7.7%) viral sequences rather
than blood-derived sequences alone.
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A B

FIG. 3. Phylogenetic analysis of intrapatient sequence sets. Viral sequences from the V3 region from (A) patient 1 and (B) patient 2. The trees
shown have the maximum likelihood after three randomizations of the input order. Identical nucleotide sequences were excluded. "Blood"
indicates that the taxa are derived from the blood; "Brain" indicates that the taxa are derived from the brain. A sequence from the blood of patient
6 was used as the outgroup sequence for the trees of both patient 1 and patient 2. For patient 1, there were 27 taxa and 163 sites, with 97 varied
sites; for patient 2, there were 28 taxa and 158 sites, with 86 varied sites. The trees shown display patterns simnilar to those obtained by using
parsimony and were supported by bootstrap analysis of parsimony trees (see text).

interquartile range of 3.5 to 9.1%. The range of intrapatient
nucleotide sequence differences between blood- and brain-
derived isolates in the V4 and V5 regions was 0.0 to 17.3%,
with a median of 5.2% and interquartile range of 3.6 to 7.2%.

Phylogenetic analyses of intrapatient sequence sets. Two
patterns were observed in the phylogenetic reconstructions of
genetic lineages of sequences from intrapatient sequence sets.
In four of the six data sets, the brain-derived viral sequences
were tightly clustered relative to the blood-derived viral se-
quences (the strongest cases for tissue-specific compartmen-
talization of virus can be made for patients 1, 5, and 3; patient
4, with much fewer data, seemed to also fall into this category,
but less definitively). In the other two data sets (patients 2 and
6), the blood- and brain-derived viral sequences were inter-
mingled. These observations were consistent when two meth-
ods were used to construct phylogenetic trees: maximum
likelihood (21, 22) and parsimony (69). The V3 region maxi-
mum-likelihood trees obtained for patients 1 and 2 were
selected to illustrate the two patterns described above (Fig. 3).
The phylogenetic analysis for patient 1 shows the brain

sequences forming their own distinct clade, while in patient 2,
the brain sequences were intermingled with blood sequences.
For the five patients with the V4-V5 region sequence informa-
tion (all but patient 4), the V4-V5 phylogenetic patterns
agreed with the observed V3 region pattern, although fewer

sequences were compared. A bootstrap test applied to the
parsimony trees (20, 22, 30) generally supported the brain-
derived viral sequence clustering patterns obtained by using
parsimony for patients 1, 3, and 5. The bootstrap proportions
for the reconstruction of the brain-clustering patterns in 100
resamplings of the data were 74 of 100 for V3 and 98 of 100 for
V4-V5 for patient 1; 58 of 100 for V3 and 98 of 100 for V4-V5
for patient 3; and 78 of 100 for V3 and 92 of 100 for V4-V5 for
patient 6. The bootstrap proportions were shown by Hillis and
Bull (30) to be a conservative estimate of the accuracy of
reconstructions of true phylogenetic branching order under a
range conditions. The relative conservation in length of the V4
and V5 region brain-derived viral sequences from patients 1, 3,
and 5 and the length polymorphism in the brain-derived viral
sequences of patient 2 and patient 6 also supported the two
distinct phylogenetic patterns (Fig. 1B).

Localization of virus in brain tissue by PCR-driven in situ
hybridization. Histological examination showed no evidence of
characteristic multinucleated giant cells or microglial nodules
in any of the six patients. Two of the patients, representatives
of the two distinct intrapatient phylogenetic patterns, were
selected for further experiments to examine the cell type
associated with viral infection. Patient 3 represents an example
of a patient whose brain-derived sequences formed a distinct
clade. Patient 6 represents an example of a patient whose
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FIG. 4. Detection of HIV-1 DNA in brain biopsy samples by tissue-based PCR-driven in situ hybridization. (A) Biopsy from patient 6, with
lymphocytes containing HIV-1 DNA surrounding an area of necrosis. (B) Higher magnification of sample in panel A, showing predominantly
lymphocytes containing HIV-1 DNA. (C) Biopsy from patient 3, with perivascular macrophages and endothelial cells containing HIV-1 DNA. (D)
Biopsy from patient 6 amplified with HIV-1 gag primers and probed with a biotinylated CMV-specific probe (negative control). Magnification:
panel A, x79; panel B, x>316; panel C, x316; panel D, x158.

blood- and brain-derived sequences were intermingled in
terms of phylogenetic analysis. Interestingly, the histological
examination of the infected cells from the brain tissue from
patient 3 revealed a strict localization of HIV-1 DNA within
perivascular mononuclear cells and occasional microglia (Fig.
4A), and a predominant localization of HIV-1 DNA in lym-
phocytes within an area of necrotizing encephalitis in patient 6
(Fig. 4B). No HIV-1-infected neurons were seen. These pat-
terns of infection are consistent with our interpretation of the
respective phylogenetic analyses of patients 3 and 6.

Interpatient analysis of sequence sets. In the V3 region, all
pairwise interpatient nucleotide sequence distances between
brain-derived samples (the median brain x brain interpatient
distance is 11.8%) were significantly less than the interpatient
distances between blood samples (the median blood x blood
interpatient distance is 15.2%). For each patient, the blood-
derived consensus sequence was compared with all blood-
derived sequences from other patients, and the brain-derived
consensus sequence was compared with all brain-derived se-

quences from other patients. The interpatient brain-derived
viral sequence distances were closer in each case (p < 0.0001)
for all patients except patient 4, who still was significantly
closer in brain-derived viral sequences than in blood-derived
sequences compared with the other patients (p = 0.007).
Despite the greater conservation of brain-derived viral consen-
sus sequences than blood-derived sequences between patients,
this effect is small compared with overall interpatient distance.
Phylogenetic analysis showed that blood- or brain-derived viral
sequences from each patient cluster together relative to those
from the other patients and a background set of North
American B subtype sequences (56), despite the greater level
of conservation between brain-derived viral sequences than
between blood-derived sequences (data not shown). Intrapa-
tient clustering of consensus sequences for all patients was
found in 100 of 100 bootstrap replicates of parsimony trees.

In the V4-V5 region, interpatient distances between brain
samples (the median brain x brain distance is 14.1%) were
equivalent to the distances between blood samples (the median

J. VIROL.
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80 90

Percent similarity
FIG. 5. Interpatient similarity distributions. (A) Distributions of

interpatient sequence similarities for V3 region samples (over the
same 143 bases used for Fig. 3); (B) distribution for V4-V5 region
samples (over 251 bases). As in Fig. 2, the percent similarity was
rounded off to the nearest percentage, and the number on the y axis
represents the fraction of the total number of pairwise comparisons
that had a given percent similarity. The interpatient distances for blood
samples are very similar in the two regions, with medians of 14.2% in
V3 and 13.9% in V4-V5 (B). The distribution of interpatient compar-
isons in brain-derived sequences of the V3 region is significantly offset,
however, with median values of 11.8% in interpatient comparisons of
brain V3 sequences and 14.1% in brain V4-V5 sequences (A).

blood x blood distance is 13.9%). This was in contrast to the
relative conservation of the brain-derived viral sequences from
the V3 region. Figure 5 shows the interpatient similarity
distributions for the V3 and V4-V5 regions expressed as

histograms. The relative conservation of the V3 sequences is
apparent, as the distribution of similarity scores is distinctly
closer for the brain sequence comparisons. These results
suggest either a convergence to or preservation of a favored
form in V3 region brain sequences.
V3 region signature sequence pattern of noncontiguous

amino acids. Because of the relative conservation of interpa-
tient V3 region brain-derived viral DNA sequences observed
between the six patients, we explored the possibility of identi-
fying signature amino acids that were conserved among the
brain-derived viral sequences of the six patients but variable in
the blood-derived viral sequences. A simple signature (35, 37)
defined by a shift in the most common amino acid in a given
position, i, in an alignment of blood sequences relative to brain
was not ideal for this purpose. We expected situations to arise
where both the brain set and the blood set of sequences have
the most common amino acid at position i but this position is
more variable in the blood- than in the brain-derived viral
sequences. Therefore, we calculated a formal measure of
variability at each position i in their combined alignment: the
Shannon entropy, H(i) (see Materials and Methods) (4). The
statistical significance in observed entropy differences was
calculated by using a Monte Carlo randomization method. By
using this technique, signature sequence patterns of noncon-
tiguous amino acids were identical for the brain-derived se-
quences (Fig. 1).

Because a relatively conserved brain-derived HIV-1 se-
quence set from a single individual may be dominating the
signature pattern, the V3 region brain signature pattern may
have been an artifact due to brain sequences evolving from a
single lineage in one of the patients. To exclude this possibility,
patients were excluded from the analysis one by one, and six
reanalyses were done with data for only five patients; this
ensured that signature pattern sites were not dependent on any
single patient's sequences. Signature sites from the original
analysis using all six patients were included only if they were
selected in all six of the reanalyses. Table 2 shows the
frequency of signature amino acids in the blood and brain sets
from each patient. Some patients show perfect or nearly
perfect conservation of a given amino acid signature site in
both blood- and brain-derived sequences; these patient sets are
noninformative for these particular signature sites. Intact or
close to intact signature patterns are found in most of the brain
sequences (Fig. 6). In the blood sequence sets, two classes of
viral sequences are observed: those that retain the brain
signature, and those that do not. This indicates that the set of
viruses that persists in the brain is a subset of the spectrum of
viruses found in the blood. No significantly conserved amino
acid positions by the criteria described above were observed in
the blood-derived V3 sequences or in the V4-V5 region
sequences from either blood or brain.

Net charge in the V3 loop: brain- compared with blood-
derived viral sequences. The net charge on two protein regions
was calculated for all sequences in this study. We considered
both the entire V3 loop and a 15-amino-acid fragment of the
loop that includes the 4 amino acids at the tip of the loop
(GPGR or its analog), 4 amino acids on the N-terminal side of
the tip, and 7 amino acids on the C-terminal side of the tip
(corresponding to SIPIGPGRAFYTTGE from the brain con-
sensus sequence shown in Fig. 1A). The interior region was
used as well as the intact V3 loop because it encompasses
elements that have been shown to be critically important for
viral phenotype through mutational analysis and variation
studies (11, 13, 23, 33, 64, 76, 77). It includes the sites which
have been shown to covary and thus may be interactive in
terms of structure and function (39). Also, the 15-amino-acid
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FIG. 6. Distribution of blood- and brain-derived sequences that share a given fraction of the seven-amino-acid brain signature pattern. Solid

bars represent brain-derived viral sequences, and shaded bars represent blood-derived sequences. The number of sequences that share a given
number of amino acids with the brain signature pattern are indicated. Panels A, B, C, D, E, and F contain data from patients 1, 2, 3, 4, 5, and 6,
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tip gave a clearer distinction than the intact V3 loop when we

compared the net charge on the set of syncytium-inducing viral
sequences with that of non-syncytium-inducing viruses pub-
lished by Fouchier et al. (23) (data not shown). The distribu-
tion of net charge among blood-derived sequences and brain-
derived sequences is shown in Fig. 7. As with the syncytium-
inducing characteristics in the Fouchier data set, the internal
region was better than the intact loop for distinguishing blood
and brain sequence sets on the basis of net charge.

DISCUSSION

Like other retroviruses, HIV-1 is characterized by a high
degree of genetic variability. The spectrum of genetically
diverse variants found in a viral population within an infected
individual is responsive to the selective forces of evolution. In
primary infection, there is a relatively narrow distribution of
genetic variants (82, 83). The complex mixture of genetic
variants that subsequently arise during the course of an
infection (31, 38, 42, 73) results from competition and selection
among the variants in response to immunologic pressure for
change and alterations in cell tropism and replication efficiency
(12, 32). Selection due to cell tropism and replication efficiency
could result in discrete populations of viruses with distinct
genetic and biologic features found within specific tissue types
(8, 10, 18, 35, 68).

In this study, we observed a monophyletic population of
brain-derived relative to blood-derived viral sequences in four
of six patients. Phylogenetic tree analysis of intrapatient ge-
netic lineages for patients 1, 3, 4, and 5 shows a distinct clade

consisting of the brain-derived viral sequences, consistent with
compartmentalization of viral sequences between blood and
brain tissues. These results confirm and extend observations
made by Keys et al. (35), where 8 of 10 intrapatient sequence
sets tended to show clustering of cerebrospinal fluid-derived
viral isolates versus blood-derived isolates (35). Further, the
results of our PCR-driven in situ hybridization studies for
patients 3 and 6 were consistent with our interpretation of the
genetic analyses. The use of viable brain biopsy material, direct
amplification of DNA without antecedent passage in culture,
and analysis of up to 36 sequences generated from a single
patient in our data set allowed a more robust characterization
of viral sequence relationships than previous studies (18, 35).
Viral compartmentalization in the brain of these patients may
have resulted from biological selection, the kinetics of viral
replication, or the evolutionary dynamics of infection or be-
cause the brain is an immunologically privileged site. The
blood-brain barrier, composed of specialized capillary endo-
thelial cells joined by highly restrictive tight junctions (27),
could normally inhibit the transfer of virus but, at some point
during the infection, allow an exclusive lineage through to
establish the infection of the brain tissue. Alternatively, re-

stricted cellular tropism of viruses found in the brain may only
allow growth of a selected lineage, resulting in a distinct
microenvironment in the brain.

In contrast to the distinct lineages of brain-derived viral
sequences observed in patients 1, 3, 4, and 5, an admixture of
blood- and brain-derived sequences was observed in patients 2
and 6. The results of histological examinations of the virally
infected cell types from the brain biopsy specimens paralleled
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those of the phylogenetic analyses. A typical infection of
macrophages and microglia was observed in patient 3, who had
a monophyletic set of brain-derived sequences. Infiltrating
lymphocytes within an area of necrotizing encephalitis, how-
ever, were observed in the brain biopsy specimen from patient
6. The infection of the CNS by a virus adapted to brain tissue
could account for the neurological signs and symptoms, neu-

ropathology, and the population of distinct viral genetic vari-
ants observed in patient 3. The pathology associated with
lymphocytes infiltrating the brain could account for the influx
of viral genotypes from the blood observed in the brain biopsy
sample of patient 6. For patients 2 and 6, disruption of the
blood-brain barrier could have occurred as a consequence of
the underlying disease process or through blood contamination
of the brain sample at the time of biopsy. Through using
biopsy- rather than autopsy-obtained brain tissue, however, we
have attempted to minimize the potential for blood contami-
nation. Autopsy brain tissue samples, unless taken immediately
upon death, may be influenced by postmortem changes that
can compromise the integrity of the blood-brain barrier.
To determine the potential for evolutionary dynamics of

infection, we examined two consecutive brain samples taken
with a 6-week interval from patient 6. A blood sample was

taken coincident with the first brain biopsy sample. Phyloge-
netic reconstructions indicated that the brain sequences from
the second time point were intermingled with the blood
samples from the first time point rather than the brain
sequences from the first time point (data not shown). This
information is a further indication that the distinction between
the blood and brain tissue was compromised and that viruses
were passing between the two compartments in this patient.

In the V3 region of the env gene, the brain-derived se-
quences were more similar than the blood-derived sequences
when comparing differences among patients. This genetic
difference was not apparent in the V4-V5 region. These data
suggest either convergence or a lack of divergence in the V3
region among the HIV-1 sequences derived from the brain. To
search for an underlying commonality among the brain-derived
viral sequences, we calculated and compared the entropy of
each amino acid position in the blood and brain viral sequence
alignments. Seven noncontiguous amino acids were conserved
among the brain-derived viral strains. Six of the signature sites
were in the V3 loop, and the seventh was in the C2 region. This
brain signature pattern was compared with sequences in the
Human Retroviruses and AIDS database and found to be
highly conserved among sequences from laboratory-adapted
macrophage-tropic virus strains (23, 26, 50, 53, 56, 58, 59, 76).
Some of the positions in the brain viral signature had previ-
ously been identified as important determinants for macro-
phage tropism, while other signature positions of potential
importance had not been identified previously. The signature
site in the C2 region was proximal to an inactivating mutation
in SF13 studied by Stamatatos et al. (67). This inactivating
mutation was able to be partially compensated for by a
substitution in the V3 loop (67), thus biologically linking the
immediate vicinity of the C2 region signature site to the V3
loop. Additionally, the amino acid substitutions in the tip of
the V3 loop of the brain-derived viral sequences had a
tendency towards less positive charge than the blood-derived
viral sequences (Fig. 7). This charge difference was also
apparent when Fouchier et al. examined laboratory-adapted
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viral strains with syncytium-inducing and non-syncytium-induc-
ing phenotypes and differences in cellular tropism (23).
The signature pattern derived from our viral sequence data

set was compared with published CNS- versus non-CNS-
derived viral sequences (18, 35, 50). Our signature was highly
conserved in the viral sequences from brain autopsy tissue
obtained from a single patient by Li et al. (50). Important
differences in sample source make our study fundamentally
distinct from those of Epstein et al. (18) and Keys et al. (35).
These differences include autopsy versus biopsy, cultured virus
versus direct PCR amplification from tissue samples, clinical
stage and age of the patients, differences in source (cerebro-
spinal fluid versus brain samples), and viral genetic subtype
(18, 35). The signature pattern was conserved in viral se-
quences from both blood and cerebrospinal fluid obtained by
Keys et al. (35), with sequences retaining between five and
seven of seven of the signature pattern sites. The conservation
found in sequences from this set of blood-derived viruses may
have been a consequence of earlier disease stage of many of
their study subjects of passage of virus in culture prior to PCR
amplification (35). Because of the integrity of the blood-brain
barrier, the virus in the cerebrospinal fluid is likely not to
reflect the virus that resides in the brain parenchyma. Among
the limited viral sequences presented in Epstein et al. (18), our
signature was not particularly well conserved in brain se-
quences relative to spleen, but this may be due to the fact that
this study examined viral sequences derived from autopsy
material from pediatric patients (18). Also, two of the three
patients presented in Epstein et al. had indistinct phylogenetic
patterns for blood and brain sequences. This situation was
similar to that of patients 2 and 6 in our study, in whom viruses
may be trafficking between the two tissues, making it less likely
for a signature pattern to be distinctive and apparent.
The hypothesis that the brain signature pattern is conserved

due to constraints imposed by cell tropism for monocyte-
macrophages or microglial cells is consistent with the growth
characteristics of virus isolated from additional brain biopsy
specimens. The brain biopsy-derived viral isolates were non-
syncytium-inducing in mixed-donor PBMCs and replicated to
high titer in cultured monocyte-derived macrophages (16a) as
well as in primary adult human brain cultures (16b). Others
have also observed similar macrophage-monocyte growth char-
acteristics for brain-derived viral samples (10, 35, 41, 50, 63).
The presence of the brain signature pattern in some of the
blood-derived sequences (Fig. 6) could reflect the distribution
of blood-derived viruses found in PBMCs into cellular frac-
tions, T cells, and macrophage-monocyte cells.
While the occurrence of a brain signature pattern might be

due to convergence, a more plausible explanation is simply a
lack of divergence and the preservation of certain key elements
in protein sequences. Convergence would require that the set
of conserved amino acids reemerge independently in the six
patients. Evidence from several studies has indicated that there
can be selection upon transmission (43, 80, 82, 83) and that the
homogeneous form of the virus found before and at serocon-
version tends to have sequence elements in common with
macrophage-monocyte-tropic viral forms (82, 83) and that
these forms tend to be relatively conserved compared with
T-cell-tropic forms (54). As macrophage tropism may be a
phenotypic characteristic of virus that becomes established in
the brain, the signature pattern may not have reemerged in
brain-derived viruses independently in the six patients; rather,
the brain-derived viruses may retain a pattern commonly
selected at transmission. To examine this hypothesis, the brain
signature pattern was compared with HIV-1 sequences derived
from recent seroconverters (44, 79, 82, 83). It was found to be

quite well preserved in early seroconverters (except in one case
of a parenteral transmission route [79]). In the study by Wolfs
et al. (79), sequences from both donors and recipients from
transmission pairs were available, and the signature was well
preserved in the early seroconverter recipients (six or seven of
seven sites retained) but variable in the donors (most donor
sequences sharing only three or four of seven signature sites).
Only one of the signature amino acids was perfectly con-

served in the brain sequences; the others showed some vari-
ability. Thus, it is important to emphasize that signature amino
acids are not strictly required; rather, they tend to be con-
served in brain samples from these six patients. Similar con-
clusions have been reached by comparing conserved amino
acids in key positions that are associated with macrophage-
monocyte tropism in cell culture (11). Therefore, the brain
signature pattern based on our data set should be used only as
a guide to highlight positions that may be of biological
importance; the statistical significance of the relative conser-
vation of these sites is supported by our analyses. Table 2 can
be used as a qualitative guide to assess the relative merit of
each signature position. The signature pattern method is
generally applicable and may be useful for comparing other
HIV-1 sequence data sets, such as mother-infant vertical
transmission pairs, samples from long-term immunological
nonprogressors, virus from people who progress rapidly to
disease, or viruses with different phenotypes in culture.

In conclusion, our data demonstrate that viral sequence
heterogeneity exists in different body compartments within an
infected individual. Specific charge or conformation changes in
the V3 loop may contribute to the observed differences in cell
tropism among the brain isolates. Within the brain, microglial
cells and multinucleated cells of the monocyte-macrophage
lineage are the predominant infected cell types. While neuro-
pathologies commonly arise in HIV-1-infected individuals as a
consequence of HIV-1 infection or opportunistic infections,
other infected individuals are essentially spared the more
devastating aspects of CNS infection. The difference in clinical
outcome may depend in some cases upon the host's immune
response to the viruses which are able to infiltrate the CNS.
Macrophage-tropic forms derived from the CNS are less
susceptible to serum neutralization than T-cell-tropic forms
(8). The observation that amino acids in positions which are
known to be important for antigenic specificity are relatively
conserved among brain-derived sequences indicates that im-
munotherapeutic agents against the forms commonly found
infiltrating the brain may be beneficial in terms of preventing
or restricting neurological disorders, by augmenting recogni-
tion of these forms by the host immune surveillance mecha-
nism.
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